A seven-box carbon cycle model is used to show the time dependence of atmospheric CO 2 for the past 250 years and the current flux between individual reservoirs. The model also yields results for future levels of atmospheric CO 2 based on various scenarios.
I. INTRODUCTION
To what extent do we really understand the environmental issues we face? Many citizens as well as researchers simply accept the opinion of experts. One reason is that the Earth system is complex and environmental issues are associated with diverse natural phenomena. Specialists calculate atmospheric flow using complex models and predict climate change and its influence on Earth. For such work they have little choice but to use black box systems such as the "Earth Simulator." 1 The climate of Earth has changed in the past without human interference. However, for the past 11 000 years, Earth has been mostly in a state of equilibrium. Humans have disturbed this equilibrium by the rapid release of CO 2 to the atmosphere. The response of the global system to this perturbation manifests itself as climate change.
The interactions of the atmosphere, geosphere, and hydrosphere are complex, only some of which are well understood. The associated equations involve too many variables to allow a simple picture of the system. The simplification provided by box models allow judgments of what to simplify. 2 The boxes represent large reservoirs of a material. Box models are widely utilized for the flow of pollutants and the global circulation of various materials. 2 In this paper we discuss the validity of box models to reproduce the trend of CO 2 concentration in the atmosphere, for determining the flux among carbon reservoirs, and for projecting future CO 2 concentrations. Although these models need not be perfect to promote understanding, they must achieve a reasonable level of accuracy to be useful.
II. INVESTIGATION USING THE SIMPLE TWO-BOX MODEL
Carbon cycle models include box models, box diffusion models ͑models that include vertical diffusion of the carbon in the ocean to the box models͒, 3 and advective-diffusion models ͑models that add convection of the carbon in the ocean to the box diffusion models͒. 4 Box models are the most intuitive and easy to understand. A box represents a well-mixed reservoir, and the flux from a box is proportional to its content in the reservoir. As a first approximation, carbon flux in the environment can be thought of as flux between two reservoirs, the atmosphere and the surface of the ocean. This approximation means that the net CO 2 flux between the atmosphere and the terrestrial biosphere is balanced for the period of interest, and the uptake of CO 2 by the intermediate and deep levels of the ocean is small. Figure 1 shows a simple two-box model, which is modified from the multiple carbon cycle model. 5 The content of 740 PgC ͑1 PgC= 10 15 g of carbon͒ in the atmosphere corresponds to 347 ppm ͑parts per million͒ in 1986. The value of CO 2 concentration in ppm is found by dividing the carbon content in PgC by 2.13.
A simple rate equation models the flow between these reservoirs:
where N 1 and N 2 denote the concentration of carbon in the atmosphere and the surface of the ocean, respectively, t is the time, and the transfer coefficient k ij is the ratio of carbon flux from reservoir i to j divided by the carbon content in reservoir i: k 12 = 105/ 740 and k 21 = 102/ 900. These numbers are shown in Fig. 1 . The CO 2 uptake by the ocean is suppressed by the large amount of dissolved inorganic carbon in the ocean. This effect is expressed by the buffer factor . It depends on the CO 2 concentration in the atmosphere and is approximated as a quadratic function of the concentration ͑see the Appendix͒. In the preindustrial era the equilibrium value of carbon in the surface ocean was N 2 0 , and the flux from the surface ocean to the atmosphere was k 21 N 2 0 . The extra flux that originates in the increase from equilibrium is k 21 ͑N 2 − N 2 0 ͒. Equations ͑1͒ and ͑2͒ are modified by the buffer effect as
where ␥ is the rate of production of CO 2 by fossil-fuel burning. This rate is available for the years 1750 to 2003 at the Carbon Dioxide Information Analysis Center ͑CDIAC͒ website, which provides data related to greenhouse gases and their influence. 6 Equations ͑3͒ and ͑4͒ require the equilibrium value N 2 0 . Keeling et al. have pointed out that the observed fraction of industrial emission in the atmosphere from 1959 to 1979 remained approximately constant at 56%. 7 If the remainder is assumed to be taken up by the ocean, the 79 PgC that corresponds to 44% of the total industrial emission up to 1986 may be added to the surface ocean. Therefore, we let N 2 0 = 900− 79= 821. Because the data for anthropogenic CO 2 and atmospheric CO 2 concentrations are available annually, the time t is expressed in years. Equations ͑3͒ and ͑4͒ are solved numerically as difference equations with ⌬t = 1 and given initial values. The results with a smaller value of ⌬t were unchanged. Figure 2 shows the calculated CO 2 concentration in the atmosphere from 1987 to 2003 ͑solid line͒. It also shows the observed values at Mauna Loa ͑dots͒ and the result without the buffer effect ͑ =1͒ ͑fine line͒. The Mauna Loa data set is a precise record and a reliable indicator of the atmospheric CO 2 concentration in the middle layers of the troposphere. 8 We see the big difference after 1987 resulting from the "sudden" buffer effect. This difference can be understood by beginning the calculation with the equilibrium values in the preindustrial era. The increasing atmospheric CO 2 with the buffer effect is bigger than the one without buffer effect. We see that the model without the buffer effect corresponds more closely to the observed value. This result means that the buffer effect increases the carbon that stays in the atmosphere, and the increased carbon has been absorbed in other carbon sinks. We conclude that the two-box model is insufficient to describe the carbon cycle and improvements are needed.
A more appropriate model needs to reproduce the trend of CO 2 over the past 250 years since industrialization. To do so, three other ocean reservoirs ͑the intermediate ocean, the deep ocean, and the sediments͒, and emission by land-use change, for example by deforestation, must be considered. Because the total emission by land-use change for the past 250 years is about 190 PgC, 9 which is almost two-thirds of that from fossil-fuel burning, its emission cannot be disregarded. It also is necessary to consider at least two reservoirs ͑the terrestrial biosphere and the soil͒ when land-use change is included.
III. VERIFICATION OF THE TREND PREDICTED BY THE SEVEN-BOX MODEL
It is necessary to include CO 2 uptake by the terrestrial biosphere and CO 2 emission by land-use change in the model. The most commonly used form for CO 2 flux to the biosphere is logarithmic and is expressed as
where f is the net primary productivity ͑the difference between the carbon uptake rate by photosynthesis and the carbon emission rate by respiration͒; f 0 corresponds to the preindustrial value of f. P is the atmospheric CO 2 concentration, and P 0 is the preindustrial value of P. The fertilization factor, or ␤ factor, is often chosen to be around 0.42.
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This factor will be treated as a parameter because its value changes with atmospheric temperature, soil water, and plant type. 12 CO 2 emission to the atmosphere by changes in land-use was estimated by Houghton et al. and data from 1850 to 2000 are available. 9 The trend before 1850 is obtained by linearly interpolating from 0.2 PgC/ year in 1750 to 0.5 PgC/ year in 1850. 13 The emission of CO 2 to the atmosphere by changes in land use, and the carbon circulation in the terrestrial ecosystem are given as follows. Half of the carbon released from trees is transferred to the atmosphere by burning or rapid decomposition. The other half is transferred to the soil. Twice the amount of carbon transferred to the atmosphere will be lost from trees. 14 A representation of the seven-box model including the atmosphere, the terrestrial biosphere, the soil, the surface ocean, the intermediate ocean, the deep ocean, and sediments is presented in Fig. 3 . 15 The rate equation for each reservoir is given as 
͑12͒
N i denotes the time-dependent content of carbon in reservoir i, and k ij is the transfer coefficient of the carbon flux from reservoir i to reservoir j. The subscript 1 refers to the atmosphere, 2 to the surface ocean, 3 to the intermediate ocean, 4 to the deep ocean, 5 to the sediments, 6 to the terrestrial biosphere, and 7 to the soil. N 2 0 is the equilibrium value of N 2 in the preindustrial era, ␥ is the emission rate to the atmosphere by the burning of fossil fuel, and ␦ is the emission rate to the atmosphere by changes in land use.
The assumed values of the content and flux in 1750 when the simulation begins are shown in Fig. 3 . We take f The numerical values of the coefficients are shown in Fig. 3 . The atmospheric CO 2 concentration before the industrial era is equivalent to 289 ppm. Although this value is 10 ppm higher than the ice core data, it has been used in many simulations. 10, 14 Equations ͑5͒-͑12͒ are solved iteratively for 250 years. 16 Although there is a difference of 10 ppm in the initial value, the behavior of N i ͑t͒ is reasonable and reproducibility after 1960 is especially good. Figure 4 also shows that the fertilization factor ␤ does not have too big an influence on the result.
Next we compare the mean simulated values of the fluxes among the reservoirs in the 1980s and the 1990s with the values given in the Intergovernmental Panel on Climate Change ͑IPCC͒ Third Assessment Report based on more precise models. 17 Some of these data are compared with the values in the Fourth Assessment Report. Atmospheric increase:
Ocean-atmosphere flux:
Land-atmosphere flux:
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Residual terrestrial sink:
The values of the simulated atmosphere from the seven-box model and evaluated values in the IPCC reports correspond closely in terms of the atmospheric increase and the oceanatmosphere flux observed during these two decades from Table I . However, there is a clear difference in the values that relate to land-use change. One of the causes is that the landatmosphere flux is estimated in the Third Assessment Report, 17 as the result of removing the atmospheric increase and the ocean-atmosphere flux from fossil-fuel emission. In addition, the residual terrestrial sink is estimated by removing the land-use change flux from the land-atmosphere flux. In contrast, the residual terrestrial sink in the simulation is obtained directly from the flux from the soil and the uptake flux by the biosphere, and becomes the land-atmosphere flux by adding the deforestation flux as shown in Eq. ͑16͒. Another reason is that there is much uncertainty about the trend of carbon uptake in the terrestrial biosphere. The land-use change data in the Third Assessment Report 17 or the Fourth Assessment Report 18 listed in Table I show the ranges based on the CDAIC and other datasets.
We conclude that the results of the seven-box as shown in Fig. 4 are acceptable. The control parameter ␤ is chosen to be 0.42, a typical value. Its precise value is not important because the results do not depend sensitively on its value.
IV. FUTURE FORECASTS OF THE SEVEN-BOX MODEL
In this section we compare the projections of the sevenbox model with the projections in the Third Assessment Report. 17 These projections are the atmospheric CO 2 concentration over a 100-year interval based on the scenarios of the Special Report on Emissions Scenarios ͑SRES͒, and the emission rate of the anthropogenic CO 2 necessary to achieve the WRE ͑Wigley, Richels, and Edmonds͒ stabilization profiles.
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A. Projected CO 2 concentration based on SRES scenarios
The SRES long-term emissions scenarios summarize the future emissions forecast ͑1990 to 2100͒ of greenhouse gases including CO 2 according to the driving forces of demographic change, socio-economic development, and technological change. 20 The scenario consists of six groups: ͑1͒ dependent on fossil energy sources, ͑2͒ dependent on nonfossil energy sources, ͑3͒ emphasis on the balance among various energy sources, ͑4͒ multipolarized society, ͑5͒ sustainable growth oriented society, and ͑6͒ emphasis on regional initiatives. Figure 5 shows global annual CO 2 emission by ͑a͒ fossil-fuel burning and by ͑b͒ land-use change based on the six scenarios.
In the following the projected atmospheric CO 2 concentrations for a 100-year period calculated using the seven-box model are compared with the results by the ISAM ͑Inte-grated Science Assessment Model͒ 21 in the Third Assessment Report. 17 The ISAM is mainly comprised of a vertical diffusion ocean model, a six-box terrestrial model, and the radiative forcing modules. The projected values in the ISAM model are calculated with varying climate sensitivities from 1.5 to 4.5°C for a doubling of CO 2 . Climate sensitivity refers to the volatility of the global temperature associated with the change of energy flux that originates in an increase of greenhouse gases. Our simple seven-box model does not include such feedback effects. The high-CO 2 case in the Third Assessment Report is defined by a climate sensitivity of 4.5°C and minimal CO 2 uptake by the oceans and land; the low-CO 2 case has a climate sensitivity of 1.5°C and maximal CO 2 uptake by the oceans and land. A reference case is one with climate sensitivity of 2.5°C and average uptake by oceans and land.
It is preferable that the seven-box model be compared to the low-CO 2 case of the ISAM model because our seven-box model with no feedback can be regarded as having a climate sensitivity of 0°C and an average CO 2 uptake. The atmospheric CO 2 increase in the low-CO 2 case with 1.5°C feedback for a doubling of CO 2 must be larger than the sevenbox model with 0°C feedback. CO 2 uptake by the oceans and land in the former is a maximum, and in the latter it is average. The increased CO 2 due to a climate sensitivity of 1.5°C in comparison with the seven-box model may compensate by a maximum CO 2 uptake by the oceans and land. As a result, the behavior of both models will be similar. 
B. Stabilization scenarios based on WRE profiles
What reduction plan should we make to stabilize future atmospheric CO 2 concentrations? The WRE profiles were proposed as highly realizable stabilization profiles ͑see Fig.  7͒ . 19 The trajectories follow realistic CO 2 emissions based on the IS92a scenario in 2030 ͑Ref. 22͒ and smoothly reach constant CO 2 concentrations of 450, 550, 650, 750, and 1000 ppm, and do not change afterward.
In this section the CO 2 emission rates produced by fossilfuel burning needed to achieve the WRE profiles are derived from the seven-box model initialized in the year 2000 and compared with the stabilization scenarios in Third Assessment Report.
The relation between the emission rate of the anthropogenic carbons and the rate of increase of carbon concentration in the atmosphere is shown in Eq. ͑6͒. The stabilization emission rate ␥ is obtained by replacing dN 1 / dt by 2.13dW / dt, where W is the value of the WRE profile shown in Fig. 7 in ppm. We rewrite Eq. ͑6͒ as
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The initial content in each reservoir in 2000 is as calculated in Sec. III, and the transfer coefficients are the same as in the former. The value of ␦ in Eq. ͑18͒ follows the IS92a scenario from 2000 to 2100 and is assumed to be constant after 2100.
By repeatedly using Eqs. ͑5͒, ͑18͒, and ͑7͒-͑12͒, the stabilization emission rate may be calculated. 550, 650, or 750 ppm would require anthropogenic emission to be suppressed below 1990 levels ͑6 PgC/ year͒ for a half century, a century, about one and one-half centuries, and about two centuries, respectively, assuming flux from landuse change after 2100 to be −0.1 PgC/ year. If there is a delay in achieving CO 2 reduction, the atmospheric CO 2 concentration will become much higher, even if it ultimately stabilizes.
The shape of the stabilization emission is similar to a Gaussian, and the WRE profile looks similar to the error function. As a consequence, the Earth system can be approximately considered to be a linear system for the change of carbon. This linearity can be interpreted as follows.
Equations ͑5͒-͑12͒ and ͑18͒ are linear except for the uptake by the oceans and the biosphere. In addition, the buffer factor which specifies the uptake by the surface ocean behaves almost linearly for atmospheric CO 2 concentration as shown in Fig. 9 . Only Eq. ͑5͒, which describes the uptake by the biosphere, is nonlinear. But it behaves almost linearly when the atmospheric CO 2 concentration is not too high compared with its preindustrial value.
V. SUMMARY
The behavior of the carbon cycle was investigated by using a seven-box model. The model includes the buffer effect for ocean-atmosphere interaction and the logarithmic uptake of CO 2 with a fertilization parameter for the biosphere- atmosphere interaction. The effectiveness of the model was verified by reproducing the trend of atmospheric CO 2 concentration for the past 250 years, the current flux between individual reservoirs, the projection of atmospheric CO 2 concentration based on SRES scenarios, and the derivation of stabilization scenarios for centuries based on WRE profiles. These results imply that the Earth system can be approximated by a linear set of coupled equations.
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APPENDIX: THE BUFFER FACTOR
Numerous calculations of the buffer factor exist; we consider Bacastow and Keeling's method here. 10, 23 The buffer factor is defined by the CO 2 concentration P in the atmosphere and the total inorganic carbon concentration C in the surface ocean, under the condition of constant alkalinity A as = ͫ ͑P − P 0 ͒/P 0 ͑C − C 0 ͒/C 0 ͬ constant alkalinity , ͑A1͒
where P 0 = 290.21 ppm and C 0 = 2.057ϫ 10 −3 mol/ l are the preindustrial values of P and C.
The alkalinity A is a measure of the buffering capacity of water and is equal to
͑A2͒
The brackets denote concentrations; they are related to the following constants;
where by convention ͓H 2 O͔ =1
The total boron and inorganic carbon concentrations are
respectively. With the aid of Eqs. ͑A3͒ and ͑A4͒, and the substitution x for ͓H + ͔, we write Eq. ͑A2͒ as
The values of the dissociation constants and alkalinity at the mean ocean temperature 19.6°C, expressed in moles per liter, are The buffer factor at an arbitrary atmospheric CO 2 concentration P is calculated as follows. First, x or ͓H + ͔ is solved numerically for the given P from Eq. ͑A6͒. Next, the total inorganic carbon concentration C is determined from Eq. ͑A5͒ using the solution ͓H + ͔. Finally, the buffer factor is obtained from Eq. ͑A1͒ using C and P. Figure 9 shows the atmospheric CO 2 concentration dependency of the buffer factor. Also, can be approximated as a quadratic function: ͑z͒ Ϸ 3.69 + 1.86 ϫ 10 −2 z − 1.80 ϫ 10 −6 z 2 , ͑A9͒
where z is the atmospheric CO 2 concentration of ppm unit. 
